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ABSTRACT 
Kinetic studies of homogeneous 1-hexene polymerization have been used for determining the 
propagation rates and active sites concentrations of industrially-relevant zirconocene catalytic 
systems incorporating {SBI}- and {Cp/Flu}- ancillaries: {rac-Me2Si(2-Me-
Benz[e]Ind)2}ZrCl2 ({SBI}-1), {rac-Me2Si(2-Me-4-Ph-Ind)2}ZrCl2 ({SBI}-2), {Me2C(3,6-
tBu2-Flu)(2-Me-4-tBu-Cp)}ZrCl2 ({Cp/Flu}-1), {Ph(H)C(3,6-tBu2-Flu)(2-Et-4-tBu-
Cp)}ZrCl2 ({Cp/Flu}-2), {Ph2C(2,7-tBu2-Flu)(2-Me-4-tBu-Cp)}ZrCl2 ({Cp/Flu}-3), 
{Ph(H)C(2,7-tBu2-Flu)(2-Me-4-tBu-Cp)}ZrCl2 ({Cp/Flu}-4).  The influence of different 
activation parameters, such as aging time and nature of coactivator (MAO vs 
boraluminoxane), has been investigated.  It was found that the activation efficiency of 
{Cp/Flu}-type precatalysts by MAO is similar (112% at 30 °C) to that of the {SBI}-type 
precatalysts (418%).  More, the propagation rates for the {Cp/Flu}-based systems appeared 
to be superior to those obtained with the {SBI}-type congeners.  Deactivation processes, 
arising from monomer 2,1-misinsertions and resulting in dormant Msec-alkyl species, were 
demonstrated to occur for both types of catalytic systems.  While the {SBI}-type systems are 
capable to undergo further regular 1,2-insertions of 1-hexene into the Msec-alkyl (or 
undergo regeneration of an active species through -H elimination), the {Cp/Flu}-type 
congeners are apparently reluctant to further enchainement; this is proposed to account for the 
observed overall lower productivity of the latter {Cp/Flu}-type systems.  Dormant Msec-
alkyl species with the {Cp/Flu} ancillaries can be efficiently reactivated by introduction of 
small molecules (H2 or ethylene).   
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INTRODUCTION 
The activity of a catalytic system involved in a complex, multi-step process is mainly 
determined by the rate of the rate-determining step, that is in most cases d[substrate]/dt = 
k[substrate][catalyst], where [catalyst] is the concentration of catalyst in its active form.  
Though it is generally accepted for regular catalytic processes a quantitative transformation of 
catalyst precursor into an active form (i.e., 100% activation efficiency, usually applied for 
calculation of TON/TOF values), for Ziegler-Natta-type polymerization processes, the typical 
fraction of active catalyst (*) is often much inferior (<<50% of [precatalyst]0, depending on 
the nature of both precatalyst and cocatalyst/coactivator).1,2,3,4  In order to get a better 
understanding of the behavior of a Ziegler-Natta-type catalyst system (precatalyst + 
coactivator), a comprehensive kinetic analysis is required to determine the activation 
efficiency as well as the rate constants relative to each step of the polymerization process: 
initiation, polymer chain growth (propagation) and termination.  Besides, insight on possible 
deactivation processes resulting in decay of active sites is another mandatory information, 
which could be reasonably used for engineering more efficient catalytic systems reluctant 
towards side reactions.  
In their pioneering work, Fink et al.5 have reported on the elucidation of primary 
mechanistic steps of ethylene polymerization by Cp2TiRCl/AlR2Cl (R = Me, Et) using stop-
flow or quenched-flow (QF) kinetic and 13C NMR labeling techniques.  QF techniques have 
been extended by Terano et al.6 and Soga et al.7 to heterogeneous MgCl2-supported catalytic 
systems.  Industry-relevant {SBI}- and {EBI}-type group 4-metallocene systems in 
combination with various cocatalysts (MAO, boranes and borates) have been scrutinized by 
different QF and labeling methods in polymerization of ethylene, propylene, 1-hexene and 1-
octene monomers under homogeneous conditions in prior studies by Busico et al.,8 Landis et 
al.,9,10,11 Bochmann et al.12 and others.13,14,15  The estimated activation efficiency reported for 
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{SBI}-based catalysts ranged from 8 to 25% for polymerization of propylene, and up to 57% 
for polymerization of 1-hexene.  Noteworthy, these values were found to be much dependent 
on the analytic technique implemented and on the reaction conditions.1  Among the noted 
parameters affecting to some extent the concentration of active sites in polymerization of 
ethylene and -olefins are polymerization temperature, monomer concentration, nature of 
cocatalyst and/or scavenger and their concentrations (as determined by the 
[cocatalyst/scavenger]/[M] ratio).   
In this contribution, we aimed at understanding the so-far unknown origin of the much 
different productivity and possible different behavior between isoselective {SBI}-16 and 
{Cp/Flu}-type17 propylene polymerization precatalysts (Scheme 1); the former catalysts are 
indeed typically one order of magnitude more productive than the latter systems (15·104 vs 
14·103 kgPP·mol1·h1, respectively, at 60 °C, 5 bar), both under homogeneous, but also 
under heterogeneous (supported) conditions.  For these studies, a kinetic method developed 
by Bochmann et al.12d was utilized, which is based on determination of the time dependence 
of monomer conversion and Mn of polymer in polymerization of 1-hexene.  This method 
features the following main advantages: (i) use of a liquid monomer facilitating 
manipulations, (ii) a relatively slow polymerization kinetic regime, enabling sampling of 
reaction mixtures aliquots for monitoring, and (iii) polymer products (poly(1-hexenes)) 
soluble in various solvents, including hydrocarbons, facilitating their analyses.  Thus, the 
catalytic systems composed of zirconocene complexes belonging to both {SBI}- and 
{Cp/Flu}-families, {SBI}-2 and {Cp/Flu}-14 (Scheme 1), respectively, and MAO as 
coactivator were investigated by kinetic QF techniques.  Since the methodology and reaction 
conditions are crucial in order to get relevant and informative data for comparison purposes, 
the reference system {SBI}-1/MAO was also studied and the results were benchmarked with 
those of Bochmann and coworkers.12d  
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Scheme 1.  Structures of zirconocene precatalysts used in this study. 
 
RESULTS AND DISCUSION 
The same conditions as those originally used for the quenched-flow protocol of Bochmann et 
al.12d were used, that is a mixture of zirconocene complex and MAO was aged over 1 h in 
toluene at 30 °C prior to the addition of 1-hexene.  The apparent propagation rate constant kp
0 
was calculated from the (polymer yield) = f([Zr]0) and (polymer yield) = f(time) fits, obtained 
at low conversions ( 20%) of monomer, according to equation 1 (see the Experimental 
section) developed using the approximation of initial rates.  The specific propagation and 
termination rate constants, kp
B and kt
B, respectively, were extracted from the Mn (or DPn) = 
f(time) data (equation 2) using a curve-fitting procedure.  Also, the impact of different 
conditions on the polymerization kinetics was scrutinized: (a) nature of solvent (n-heptane vs 
toluene), (b) aging time, (c) temperature, and (d) nature of cocatalyst (boraluminoxane vs 
MAO).   
Polymerizations in toluene.  The value of kp
0 determined for the benchmark system 
{SBI}-1/MAO (Table 1, Fig. S1) under our conditions was found to be in good agreement 
with those reported by Bochmann and coworkers12d (kp
0, 0.30(3) vs 0.17(1)0.47(5) 
L·mol1·s1).  On the other hand, the value of kp determined from a non-linear regression of 
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equation (2) for the DPn = f(time) data, repeatedly obtained at < 20% conversion of monomer, 
was of 7(2) L·mol1·s1, which is significantly larger than the reported values of 
1.02(2)1.28(5) L·mol1·s1.12d  In order to elucidate the origin of this discrepancy, the 
experimental DPn = f(time) data from ref.
12d were reprocessed (Fig. S2).  Using exclusively 
the data points obtained in each case at early stages of polymerization (i.e., monomer 
conversion < 20%), the non-linear regression procedure returned a set of values of kp
B and kt
B 
(4(1)9(4) L·mol1·s1 and 1.2(4)3(2)·10‒2 s1, respectively), different from those reported in 
the original paper but very close to those obtained in the present study (Table 1, entry 1).  In 
parallel, the reported values of rate constants were used to plot the corresponding kinetic 
curves.  The resulting plots exhibited a substantial deviation from the experimental data points 
at early polymerization stages and followed the experimental trend only at large monomer 
conversions (>> 20%).  These observations indicate that in ref.12d the data obtained at latter 
polymerization stages were used for calculation of the corresponding rate constants.  For 
better consistency and to allow meaningful comparisons, we have used in the present study 
only values determined at low monomer conversions, i.e. at early polymerization stages.  
Alternatively, the propagation and termination rate constants kp
N and kt
N were 
evaluated using Natta’s equation (3), thus affording a complementary set of data.  Depending 
on the value of kp, the fraction of active sites * for system {SBI}-1/MAO varied from 4(2) to 
8(2)%, but this remains within the accuracy of the methods.  For the sake of conformity, in 
the following, the values of kp
B and * calculated from equation (2) will be systematically 
used for comparison.   
For {SBI}-2, the kinetic plot of polymer yield vs time (Fig. 1) is similar to that 
obtained with {SBI}-1/MAO, especially at early polymerization stages. The value of kp
0 
determined for this system (Fig. S3) is nearly twice of that observed for {SBI}-1/MAO (Table 
1, entries 2 and 1).  At the same time, the propagation rate constant kp is twofold smaller, 
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which makes the fraction of active species, determined from the ratio kp
0/kp, to be 
significantly higher for {SBI}-2 as compared to that found for the reference precatalyst {SBI}-
1 (0.18(8) vs 0.04(2), respectively).  
a) 
 
 
b) 
 
Figure 1.  Overview of kinetic experiments with different precatalysts: aging time = 60 min; 
Taging = Tpolym = 30 °C; [Zr]tot = 0.20 mM; [1-hexene]0 = 1.6 M in toluene (6.73 g, 80.5 mmol); 
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[MAO]/[Zr]tot = 1000; a) kinetic data obtained over 6 h, resulting in high depletion of 
monomer (conversions close to 100 % for {SBI}-2 and {Cp/Flu}-3); b) kinetic data obtained 
at  20% monomer conversion and used for calculation of the apparent propagation rate 
constant kp
0. 
 
Interestingly, for {Cp/Flu}-1 and {Cp/Flu}-2 (Fig. S4 and S5, respectively), the 
apparent propagation rate constants (kp
0 = 0.52(6) and 0.47(5) L·mol1·s1, respectively) 
calculated at the early stages of polymerization are comparable or very close to those obtained 
for the {SBI}-based counterparts; however, the specific propagation rate constants (kp = 
8.2(7)and 52(8) L·mol1·s1, respectively) were found to be one order of magnitude higher, 
which returned quite poor activation efficiency for both systems (kp
0/kp = 0.06(2) and 
0.009(2), respectively).  Yet, the overall activities of these systems rapidly decreased over 
time: no further monomer conversion was observed after several hours (ca. 0.5 and 8 h, 
respectively).  This obviously reflects deactivation of active species (vide infra).  Gratifyingly, 
the {Cp/Flu}-3/MAO system followed perfect first-order kinetics under these conditions, 
leading to full conversion of 1-hexene after 6 h, and yielded the highest kp
0 and kp values 
within the whole series (Fig. S6; 16(5) and 131(42) L·mol1·s1, respectively).  Nearly the 
same kinetic profile (Fig. S7) as for the {Cp/Flu}-3/MAO system was obtained for the close 
analogue {Cp/Flu}-4/MAO having different substituents on the ligand bridge (Ph2C vs 
Ph(H)C, respectively), thus emphasizing the minor impact of this parameter on catalytic 
activity. 
The poly(1-hexene) samples obtained with {SBI}-2 and {Cp/Flu}-1‒3 were analyzed 
by 1H NMR spectroscopy (Fig. S23), and the nature of the unsaturated chain-end groups was 
identified.  For all samples, the corresponding regions of the spectra showed only two types of 
signals: two singlets assigned to the two hydrogens of vinylidene end-groups ( 4.76 and 4.70 
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ppm) and multiplet ( 5.35–5.45 ppm) for internal –CH=CH– moieties.  While the former 
groups arose from a regular chain termination reaction, i.e. -H elimination after primary 
(1,2-) insertion of monomer, the possible origin of the latter multiplet is -H elimination after 
secondary (2,1-) insertion of monomer.18  Noteworthy, for poly(1-hexene)s obtained with 
{SBI}-2/MAO, the relative abundance of the internal –CH=CH– groups is significantly 
higher than that of vinylidene end-groups; this suggests that the chain release process via -H 
elimination after 2,1- insertion predominates for this system.  
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Table 1.  Values of kp
0, kp (in L·mol
1·s1) and kt (in 10
2·s1) for different zirconocene/MAO systems. 
Entry Catalyst kp0
 
a kpB b,c ktB (10‒2) b,c kp0/kpB kpN d ktN (10‒2)d kp0/kpN 
1 {SBI}-1 
0.30(3) 
[0.17‒0.47]12d 
7(2) 
[1.02‒1.28]12d 
1.8(5) 
[0.19‒0.59]12d 
0.04(2) 4.0(7) 0.9(2) 0.08(2) 
2 {SBI}-2 0.53(5) 3(1) 0.9(4) 0.18(8) 2.00(3) 0.5(1) 0.27(3) 
3 {Cp/Flu}-1 0.52(9) 8.2(7) 2.5(3) 0.06(2) 5(2) 1.36(8) 0.10(6) 
4 {Cp/Flu}-2 0.47(5) 52(8) 7(1) 0.009(2) 35(2) 4.9(3) 0.013(2) 
5 {Cp/Flu}-3 16(5) 131(42) 13(5) 0.12(6) 76.1(1) 7(1) 0.21(1) 
See Figure 1 for reaction conditions, unless otherwise stated.  a Determined with equation (1).  b Determined with equation (2) from the 
Mn = f(time) data.  c The value of ki was fixed at 3.8 L·mol1·s1.  d Determined with equation (3). 
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Influence of aging conditions.  The influence of aging conditions was investigated 
for {SBI}-2 (Fig. S8), {Cp/Flu}-1 (Fig. S9), {Cp/Flu}-2 (Fig. S10) and {Cp/Flu}-3 (Fig. 
S11).  The reactions were conducted with different aging durations, temperatures (30 °C or 60 
°C), and in the presence of 1-hexene (pre-polymerization).  Representative data are 
summarized in Table 2. 
For the {SBI}-2/MAO system, no significant influence of the aging conditions on 
activity was observed; the propagation rate constants kp
0 calculated at 2 and 60 min of aging 
were very close (entries 2 and 1, respectively).  Also, the amount of active sites as well as 
molecular weight characteristics remained constant throughout this time period.  
For the {Cp/Flu}-1/MAO system, complete loss of activity was observed after about 
0.51 h of polymerization at 30 °C, indicating that the catalyst is totally deactivated after this 
period.  When both aging and polymerization were performed at 60 °C, 1-hexene was fully 
consumed; however, the yield of polymer recovered (0.80 g) was not consistent with the 
conversion of 1-hexene observed (Fig. S9) and concomitant formation of 2-hexene from 1-
hexene in a side isomerization reaction was evidenced by 1H NMR spectroscopy.  This side 
reaction also occurred at 30 °C but to a lesser extent (ca. 10% of 2-hexene formed after 6 h).  
For {Cp/Flu}-2, the same isomerization reaction took place at 60 °C giving only 10% of  
2-hexene after 6 h, while no isomerization was observed for {Cp/Flu}-3.  Upon decreasing 
the aging time from 60 to 10 and 2 min, a significant decrease of activity (as reflected by the 
kp values) was observed for the three {Cp/Flu} catalysts (entries 4/5, 7/8 and 10/11, 
respectively); the trend was more pronounced for the {Cp/Flu}-1/MAO system.  For the three 
systems, the fraction of active sites determined at shorter aging time was found systematically 
higher, thus suggesting degradation of active sites to a significant extent (especially for 
{Cp/Flu}-1) over time during the aging period in the absence of monomer.  
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Table 2.  Values of kp
0 and kp (in L·mol
1·s1) determined for {SBI}-1-2/ and {Cp/Flu}-1-3/MAO systems under different conditions.  
Entry Precatalyst 
Aging 
time 
[min] 
kp0 kpB kp0/kpB 
Mn 
[kDa] 
Đm 
1 {SBI}-2 60 0.30(3) 7(2) 0.33(4) 43.6/44.9 a,b 1.65/1.61 
2 {SBI}-2 2 0.49(5) 4(2) 0.37(7) 50.7 a,c 1.60 
3 {Cp/Flu}-1 60 0.52(9) 8.2(7) 0.06(2) 37.9 d 1.25 
4 {Cp/Flu}-1 10 0.30(7) 8(1) 0.04(1) 41.9 d 1.16 
5 {Cp/Flu}-1 2 1.3(2) 2.4(4) 0.5(2) 32.1/30.3 d 1.19/1.20 
6 {Cp/Flu}-2 60 0.47(5) 52(8) 0.009(2) 87.0/89.1 e 1.30/1.33 
7 {Cp/Flu}-2 10 1.6(8) 27(4) 0.06(4) 87.1/88.8 a,d 1.29/1.32 
8 {Cp/Flu}-2 2 1.4(3) 12(2) 0.12(2) 76.7/75.2 a,d 1.29/1.42 
9 {Cp/Flu}-3 60 16(5) 131(42) 0.12(6) 115.5 f 1.43 
10 {Cp/Flu}-3 10 10(5) 220(70) 0.05(2) 109.1/110.2 a,f 1.45/1.45 
11 {Cp/Flu}-3 2 8.8(7) 61(8) 0.14(4) 114.3/115.0 a,d 1.33/1.34 
See Figure 1 for reaction conditions, unless otherwise stated.  a Results from duplicated experiments.  b 
Determined after 20 min of reaction.  c Determined after 25 min of reaction.  d Determined after 5 min of 
reaction.  e Determined after 3 min of reaction. f Determined after 1 min of reaction.          
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Influence of cocatalyst.  Binary boraluminoxane (BMAO) coactivators derived from 
the reaction between trisalkylaluminum R3Al and boronic acid (C6F5)B(OH)2 have been 
previously demonstrated as alternative activators to classical MAO, however, requiring 
bis(alkyl) zirconocene precursors.19  In particular, the AlMe3/(C6F5)B(OH)2 system used for 
activation of {Me2Si(Flu)(NtBu)}TiMe2 resulted in a more productive catalyst than that 
generated from MAO under the same conditions.20  These findings prompted us to probe 
under similar conditions boraluminoxane activating systems obtained by reaction of 
trisalkylaluminum R3Al (R = Me, iBu) and (C6F5)B(OH)2 in different ratios.  Hence, the 
dimethyl zirconocenes {SBI}-2a, {Cp/Flu}-1a and {Cp/Flu}-3a were used in combination 
with AlMe3/(C6F5)B(OH)2 or iBu3Al/(C6F5)B(OH)2 under regular
19 polymerization conditions 
(Fig. S12S14, Table 3).  As a general trend, the boraluminoxanes appeared to be less 
efficient regardless the nature of precatalyst, as both {SBI}- and {Cp/Flu}-based catalyst 
systems were one order less active (in terms of kp
0) as compared to polymerization tests using 
MAO.  The AlMe3-based coactivator was less efficient for both types of zirconocene families 
(entries 2 and 9), while for iBu3Al/(C6F5)B(OH)2 an optimal ratio of 100:50 was found so far 
to exhibit a better performance within the whole series of experiments using BMAOs as 
coactivators (entries 4 and 11).  Importantly in the frame of this study, in line with the results 
obtained with MAO, the systems based on {Cp/Flu}-1a appeared to be less active within the 
whole series of precursors.  Also, for the both BMAO-activated {Cp/Flu}-type systems, the 
corresponding kinetic plots (Fig. S13 and S14, respectively) exhibited a marked decrease of 
activity after ca. 2 h of reaction, comparable to that observed with MAO-based systems.  
Overall, these observations suggest that the deactivation processes are independent of the 
nature of the coactivator. 
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Table 3.  Values of kp
0 (in L·mol1·s1) determined for {SBI}-2a, {Cp/Flu}-1a and {Cp/Flu}-
3a using boraluminoxane coactivators.a 
Entry Precatalyst 
Coactivator 
(equiv vs Zr) 
kp
0 
Mn 
[kDa] 
Đm 
1 {SBI}-2 MAO (1000) 0.53(5) 74.4 1.63 
2 {SBI}-2a 
AlMe3 (100)/ 
ArB(OH)2 (100) 
0.08(5) 31.2 1.51 
3 {SBI}-2a 
TIBAL (100)/ 
ArB(OH)2 (100) 
0.05(2) 53.9 1.46 
4 {SBI}-2a 
TIBAL (100)/ 
ArB(OH)2 (50) 
0.19(5) 73.6 1.40  
5 {Cp/Flu}-1 MAO (1000) 0.52(9) 71.7 1.42 
6 {Cp/Flu}-1a 
TIBAL (100)/ 
ArB(OH)2 (50) 
0.07(3) 149.0 1.41 
7 {Cp/Flu}-1a 
TIBAL (100)/ 
ArB(OH)2 (50)
b 
0.1(1) 168.2 1.64 
8 {Cp/Flu}-3 MAO (1000) 16(5) 92.3 1.66 
9 {Cp/Flu}-3a 
AlMe3 (100)/ 
ArB(OH)2 (100) 
0.20(7) 161.8 1.34 
10 {Cp/Flu}-3a 
TIBAL (100)/ 
ArB(OH)2 (100) 
1.0(3) 225.4 1.46 
11  {Cp/Flu}-3a 
TIBAL (100)/ 
ArB(OH)2 (50) 
2(2) 169.4 1.42 
12 {Cp/Flu}-3a 
TIBAL (100)/ 
ArB(OH)2 (20) 
0.08(3) 132.0 1.66 
a General polymerization conditions, unless otherwise stated: a mixture of (C6F5)B(OH)2 and 
R3Al was stirred overnight at 60 °C; aging time = 2 min, Taging = Tpolym = 30 °C.  b DIBAL-H (100 
equiv.) was added during aging.  
 
Studies on the deactivation and reactivation of {Cp/Flu} systems.  The decreasing 
activity of systems based on {Cp/Flu}-1,2 over time at 30 °C and the deactivation observed 
with {Cp/Flu}-3 at higher polymerization temperature may have similar origins.  Four main 
hypotheses may be considered to account for those phenomena (Scheme 2): (1) active cationic 
species slowly and irreversibly binds AlMe3 contained in/generated from MAO to afford 
robust inactive AlMe3-adducts;
3a (2) 2-hexene, concomitantly produced as an isomerization 
side-product (vide supra), reinserts into MC (or MH) bonds, yielding “inactive” sec-alkyl 
species; (3) formation of inactive allylic species via alkane elimination reactions between 
Ac
ce
pte
d m
an
us
cri
pt
15 
 
alkyl-zirconocene active species and vinylidene end-capped polymer chains, produced by 
regular -H elimination reactions;10e,14,21,22 (4) formation of “inactive” sec-alkyl species (alike 
those formed in (2)) via 2,1-misinsertion of 1-hexene into the MC (or MH) bond of a 
propagating species.23 
 
 
Scheme 2.  Main putative deactivation pathways affording stable products for polymerization 
catalyzed by {Cp/Flu}-based zirconocene complexes. 
 
 To probe the two first deactivation pathways, (1) and (2), a kinetic monitoring was 
performed for polymerizations conducted with {Cp/Flu}-1 in the presence of AlMe3-depleted 
MMAO (i.e., MAO modified by 2,6-di-tert-butyl-4-methylphenol, BHT)24 or of 2- or 3-
hexene (Fig. S15 and S16, respectively).  In both cases, very similar kinetic profiles (in terms 
of monomer conversion as a function of time) to those obtained for the original 
polymerization reactions were observed; this suggests that neither excess AlMe3 nor internal 
olefins interfere in the deactivation process of this catalytic system under such conditions.  
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This is consistent with the observation that deactivation takes place also in the presence of 
boraluminoxanes (vide supra).  These results provide an alternative rationale to our previous 
hypothesis,25 which suggested the possible crucial role of AlMe3 in catalyst deactivation via 
the formation of stable heterobimetallic AlMe3-zirconocene adducts.  
Formation of stable allyl-zirconocenes has been reported to contribute up to 90% of the 
total metallocene catalyst concentration.10e,14,21,22  Alternatively, 2,1-misinsertion of the 
monomer into the MC bond of the growing polymeric chain (4)23 has been proposed as a 
competitive, and sometimes predominant, reaction towards formation of “dormant” 
states.13,10a,12  The “dormant” states generated in the two above deactivation processes, albeit 
much less prone to insert α-olefins, are not completely unreactive and can be back converted 
to propagating species by reactions with smaller molecules.  For instance, Cipullo et al.26 
recently reported on the deactivation of propylene polymerization with MgCl2-supported 
Ziegler-Natta catalysts via 2,1-misinsertions and reactivation of the dormant state by a 
deliberate introduction of dihydrogen, which is generally used as a chain-transfer agent 
(CTA).  Prompted by the above results, we investigated how 1-hexene polymerization 
catalyzed by the {Cp/Flu}-type zirconocene complexes could be reactivated by introduction 
of hydrosilanes (Ph2SiH2 and PhSiH3) or dihydrogen as CTA, and also of ethylene, a smaller, 
much more reactive monomer.    
A two-shot introduction of Ph2SiH2 and PhSiH3 (20 and 50 equiv. with respect to [Zr]0) 
in a polymerization reaction carried out under regular conditions with the {Cp/Flu}-1/MAO 
system did not change the overall kinetic profile (Fig. S17) as compared to that observed in 
the absence of hydrosilanes.  At this point, we surmise that hydrosilanes are either nonreactive 
or consumed instantly in a chain-transfer reaction and therefore cannot influence either the 
general profile of the propagation or the overall activity of the system. 
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Alternatively, dihydrogen (80 mL at 1 bar pressure, ca. 7 mg ([H2]0/[Zr]tot = 350)) was 
introduced in the polymerization reaction in one shot at a time when the system {Cp/Flu}-
1/MAO was no longer active (after 10,000 sec of reaction; Fig. 2).  A nearly immediate burst 
in monomer conversion was noted.  Yet, the amount of polymer recovered in this experiment 
after 14,400 sec (2.23 g, 33%) did not match the overall observed conversion of 1-hexene 
(80%) and isomerization of 1-hexene to 2-hexene (about 35%) was evidenced from the 1H 
NMR spectra of the reaction mixture.27  Hence, the presence of dihydrogen with {Cp/Flu}-
1/MAO eventually regenerated active species (i.e., zirconocene-hydrido) but the latter also 
favored side isomerization (and transfer/hydrogenation) reactions. 
 
Figure 2.  Kinetic plots of 1-hexene polymerizations performed with {Cp/Flu}-1/MAO in the 
absence (○) or after introduction of dihydrogen after 120 min (●).  Conditions: Aging time = 2 
min, Taging = Tpolym = 30 °C, [Zr]tot = 0.20 mM, [MAO]/[Zr]tot = 1000, [1-hexene]0/[Zr]tot = 
8060, toluene. 
 
More informatively, a one-shot addition of a small amount of ethylene (80 mL at 1 bar 
pressure, ca. 0.1 g,) to the “dormant” polymerization reaction with {Cp/Flu}-1/MAO after a 
period of 7200 sec resulted in restauration of activity of the system (Fig. 3).  In a separate 
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experiment, similar small amounts of ethylene were introduced three times into the same 
polymerization reaction, which allowed eventually achieving 65% conversion of monomer 
(Fig. 3).  Noteworthy, the THF-soluble poly(1-hexene)-co-ethylene copolymers obtained in 
the two last experiments featured monomodal and quite narrow (Đm = 1.46) molecular weight 
distributions (Table 4), very close to that obtained in 1-hexene homopolymerization in the 
absence of ethylene.  These results unequivocally evidence uniform incorporation of ethylene 
into growing polymer chains as well as efficient transformation of the “dormant” state of 
catalyst into the propagating state.   
 
 
Figure 3.  Kinetic plots of 1-hexene polymerizations performed with {Cp/Flu}-1/MAO in the 
absence () or after introduction of ethylene once (80 mL at 1 bar, ca. 0.1 g) (■) or three 
times (3 × ca. 0.1 g) ().  Conditions: Aging time = 2 min, Taging = Tpolym = 30 °C, [Zr]tot = 
0.20 mM, [MAO]/[Zr]tot = 1000, [1-hexene]0/[Zr]tot = 8060, toluene.  
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Table 4.  Effect of ethylene addition on 1-hexene polymerization catalyzed by {Cp/Flu}-
1/MAO (data from kinetic plots depicted on Fig. 3). 
 
Entry 
Ethylene 
addition 
[g] 
Mass of polymer 
isolated [g] 
M
n 
[kDa] 
Đm 
1 - 0.8 72.5 1.32 
2 1×0.1 3.4 83.1 1.47 
3 3×0.1 4.4 77.7 1.46 
 
In order to get a better insight into the nature of “dormant” forms of {Cp/Flu}-based 
olefin polymerization catalysts, which are apparently reactivated by addition of ethylene, the 
microstructures of the corresponding poly(olefin)-co-ethylene copolymers can be scrutinized 
by 13C NMR spectroscopy.28  In our case, analysis of the obtained poly(1-hexene)-co-ethylene 
copolymers turned not to be possible due to overlapping of the 13C NMR signals from the 
methylenic groups resulting from the small amount of incorporated ethylene and those from 
polyhexene.  Therefore, the corresponding poly(propylene-co-ethylene) copolymers both 
incorporating ca. 3 mol% of ethylene (Mn = 48.3 and 86.5 kDa; Mw/Mn = 3.11 and 2.30, 
respectively) were prepared using {SBI}-2/MAO (for comparison) and {Cp/Flu}-1/MAO 
catalytic systems and analyzed by 13C{1H} NMR spectroscopy (Fig. 4).  For {SBI}-2, the 
signals at δ 42.3, 38.6, 36.0, 31.5, 30.6, 29.4, 17.6 and 17.2 ppm, assigned to the isolated 2,1-
misinsertions equally distributed in the “pure” polypropylene segments,28 were quantified at 
0.36%.  The resonances at δ 34.8 34.6, 34.0 and 31.3 ppm arising from ethylenic units 
situated right after 2,1-regioerrors29 were quantified at 0.33%.  Thus, the total content of 2,1-
regioerrors of 0.7% is close to that (0.3%) reported for ethylene-propylene copolymers 
obtained with the same catalyst by Busico et al.28  For {Cp/Flu}-1, only traces (0.02%) of 2,1-
insertions were found in the copolymer and, apparently (as far as the detection limit and 
signal-to-noise ratio allow), those were systematically followed by ethylene units (Fig. 4, 
bottom); no signals were observed that would correspond to isolated 2,1-regioerrors in “pure” 
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polypropylene sequences (i.e., without being enchained to a subsequent ethylene unit).  These 
observations are in agreement with the intrinsic competence of the {SBI}-based systems to 
propagate, even in a chain resulting from a 2,1-misinsertion (either by further insertion or 
regeneration of an active hydrido species through -H elimination; vide supra).  On the other 
hand, for the {Cp/Flu}-based systems, even though 2,1-misinsertions are far less frequent 
than for the former {SBI}- systems, they apparently result in species strongly reluctant to 
insertion reactions of monomer bulkier than ethylene (-olefins).   
It should be noted that no signals from internal vinylidene unsaturations,9e,30,31 which 
would have resulted from allylic activation (Scheme 2, pathway (3)), were found in the 
spectra of the poly(propylene-co-ethylene) copolymers.  This suggests that this particular 
deactivation pathway is not feasible with both catalytic systems (at least, under the given 
conditions).   
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Figure 4.  Details of the 13C{1H} NMR spectra (125 MHz, 135 °C, 1,2,4-
trichlorobenzene/C6D6 4:1 v/v) of poly(propylene-co-ethylene) copolymers obtained with a) 
{SBI}-2/MAO and b) {Cp/Flu}-1/MAO systems:  – 2,1-propylene misinsertions, ■ – 
ethylenic units after 2,1-misinsertions.  
 
Conclusions 
In this contribution, kinetic investigations were conducted in order to evaluate the 
efficiency of two important propylene polymerization catalytic systems, namely {SBI}- and 
{Cp/Flu}-type zirconocene complexes, via determination of the propagation rate constants kp
0 
and kp and the fraction of active species generated.  The kinetic data obtained indicated a 
slightly inferior activation efficiency for {Cp/Flu}-type precatalysts (1‒12%) as for the 
overall more productive {SBI}-type precatalysts (418%) under identical conditions.  
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Noteworthy, the propagation rate constants kp for 1-hexene polymerization reactions catalyzed 
by {Cp/Flu}-based systems are at least one order larger than those for the {SBI}-type 
catalysts.  However, the {Cp/Flu}-based systems generate by 2,1-misinsertion of -olefin 
Msec-alkyl species that appear much reluctant to further propagation.  The corresponding 
species formed by 2,1-misinsertion in the case of the {SBI}-based systems, although much 
more frequent than for the {Cp/Flu}-based systems (0.36 vs 0.02 mol%, respectively), are still 
reactive and can either further propagate or regenerate an active hydrido species upon -H 
elimination.  Among the factors enabling efficient reactivation of the {Cp/Flu}-based systems 
is introduction of such small molecules as ethylene and dihydrogen in the polymerization 
reaction.  Hence, rather ironically, the {Cp/Flu}-based systems are intrinsically more active 
and less prone to 2,1-misinsertions than the {SBI}-systems, but the very few resulting 
regiodefects seem to be much more deleterious than their {SBI}-analogues.  Though the 
above kinetic results were obtained for polymerization of 1-hexene, we assume that the 
conclusions can be most likely transposed to propylene polymerization.   
In our previous study,25 using the obtained spectroscopic data for these two families of 
isoselective zirconocene catalytic systems, we have highlighted the formation of 
heterobimetallic AlMe3-zirconocene adducts; those species derived from {Cp/Flu} complexes 
proved much more stable than their {SBI}-analogues.  On this basis, we initially hypothesized 
the plausible deleterious role of AlMe3 as the main origin for the lower productivity of 
{Cp/Flu}-type catalysts.25  The present kinetic study provides a clear but quite different 
rationale.  Understanding the role of different structural elements and factors (steric and 
electronic) responsible for such discrepancy in polymerization behaviors of these two 
zirconocene systems will allow engineering of new {Cp/Flu}-type catalysts, more efficient in 
terms of activity, productivity, number of active sites and resistance to side reactions.  These 
investigations are underway in our labs. 
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EXPERIMENTAL SECTION 
Materials.  All manipulations were performed under a purified argon atmosphere 
using standard Schlenk techniques or in a glovebox.  Solvents were distilled from 
Na/benzophenone (THF, Et2O) and Na/K alloy (toluene, pentane) under nitrogen, degassed 
thoroughly and stored under nitrogen prior to use.  Deuterated solvents (benzene-d6, toluene-
d8, THF-d8; >99.5% D, Deutero GmbH and Euroisotop) were vacuum-transferred from Na/K 
alloy into storage tubes.  CDCl3, CD2Cl2 and C2D2Cl4 were kept over CaH2 and vacuum-
transferred before use.  MAO (30 wt-% solution in toluene, Albermale; contains ca. 10 wt-% 
of free AlMe3) was used as received.  1-Hexene (Acros) was distilled from CaH2 under argon 
and kept over molecular sieves 3A.  Propylene (99.9%, Air Liquide) was used without further 
purification. The precursors {Me2C(3,6-tBu2-Flu)(2-Me-4-tBu-Cp)}ZrCl2 ({Cp/Flu}-1)
32 and 
{Ph(H)C(3,6-tBu2-Flu)(2-Et-4-tBu-Cp)}ZrCl2 ({Cp/Flu}-2)
17c  were synthesized as described 
in the patent literature, while {Cp/Flu}-3 was provided by Total-Raffinage Chimie.  Dimethyl 
zirconocenes {SBI}-2a and {Cp/Flu}-1a were prepared from the corresponding dichloro 
precursors using published procedures25 and characterized by 1H NMR spectroscopy and 
elemental analysis prior to use.  Other starting materials were purchased from Alfa, Strem, 
Acros and Aldrich, and used as received. 
Instruments and Measurements.  13C{1H} NMR analyses of polypropylene homo- 
and PP-co-PE copolymer samples were performed in the research center of Total Raffinage 
Chimie in Feluy (Belgium) on a AM-500 Bruker spectrometer equipped with a cryoprobe 
using the following conditions: solutions of ca. 200 mg of polymer in trichlorobenzene/C6D6 
(2:0.5 v/v) mixture at 135 °C in 10 mm tubes, inverse gated experiment, pulse angle = 90°, 
delay = 11 s, acquisition time = 1.25 s, number of scans = 6,000.   
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Size exclusion chromatography (SEC) analyses of poly(1-hexene) samples were 
performed in THF (1.0 mL·min1) at 20 °C using a Polymer Laboratories PL-GPC 50 plus 
25(PL-LS 45/90) detectors.  The number-average molecular masses (Mn) and polydispersity 
index (Đm) of the polymers were calculated with reference to a universal calibration vs 
polystyrene standards. 
Synthesis of {Ph2C(2,7-tBu2Flu)(3-tBu-5-MeCp)}ZrMe2 ({Cp/Flu}-3a).  To a 
solution of {Cp/Flu}-3 (1.00 g, 1.35 mmol) in toluene (30 mL) was added MeMgBr (1.00 mL 
of a 3.0 M solution in Et2O, 2.97 mmol) at –30 °C under stirring.  The resulting solution was 
allowed to warm up to room temperature and stirred at 60 °C for 2 h.  Then volatiles were 
evaporated in vacuo and hexane (ca. 50 mL) was vacuum transferred in under reduced 
pressure.  The mixture was filtered and the solvent was removed from filtrate to give an 
orange powder, which was dried under vacuum to give {Cp/Flu}-3a (0.82 g, 1.17 mmol, 
87%).  1H NMR (C6D6, 400 MHz, 25 °C): δ 8.10 (m, 1H, ArH), 8.03 (m, 2H, ArH), 7.80 (m, 
1H, ArH), 7.64 (m, 2H, ArH), 7.47 (m, 2H, ArH), 7.18 (m, 2H, ArH), 7.05 (m, 3H, ArH), 
6.90 (m, 2H, ArH), 6.36 (m, 1H, Flu), 6.20 (d, 4J = 3.0, 1H, Cp), 5.67 (d, 4J = 3.0, 1H, Cp), 
1.86 (s, 3H, CH3), 1.22 (s, 9H, CCH3-Flu), 1.17 (s, 9H, CCH3-Flu), 1.11 (s, 9H, CCH3-Cp), 
−0.96 (br s, 6H, ZrCH3).  13C{1H} NMR (C6D6, 100 MHz, 25 °C) (some signals from 
quaternary carbons overlapped with those from solvent): δ 149.0, 148.2, 147.8, 145.3, 137.7, 
130.4, 129.7, 129.6, 128.8, 126.6, 126.5, 126.3, 125.5, 123.7, 123.5, 123.4, 121.4, 121.3, 
120.2, 119.6, 118.0, 114.7, 102.3, 100.3, 75.8, 59.9, 37.2, 35.4 (ZrCH3), 35.1 (ZrCH3), 34.4, 
33.0, 31.3 (CCH3), 31.1 (CCH3), 30.7 (CCH3), 19.9 (CCH3).  Anal. Calcd for C46H54Zr: C, 
79.14; H, 7.80. Found: C, 79.04; H, 7.86. 
Kinetic investigations.  To estimate the amount of active species generated during the 
activation of zirconocene precatalysts, kinetic investigations were performed following the 
methodology developed by Bochmann et al.12  NMR spectra were recorded on Bruker AM-
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400 and AM-500 spectrometers.  1H NMR chemical shifts for reaction mixtures were 
referenced to the residual solvent peaks (CD2Cl2).  The amount of 1-hexene consumed was 
monitored over few minutes or hours by 1H NMR spectroscopy, and signals of monomer were 
integrated against internal standards (pentamethylbenzene).  
The apparent propagation rate constant, kp
0, is related to the total amount of precatalyst 
used in the polymerization reaction. It was deduced from the plot of the amount of polymer as 
a function of time from which a slope was obtained and introduced in equation (1).  
 
where MM is the molecular weight of the monomer; [M]0 is the initial concentration of 
monomer, and C0 is the amount (in mol) of precatalyst used.  In order to remain valid, this 
approach using the method of initial rates requires a constant concentration in monomer, i.e 
all the data where acquired under 20% conversion. To determine values of kp
0, the parameters 
[Zr]tot = 0.20 mmolL1, [MAO]/[Zr]tot = 1000 and [1-hexene]0/[Zr]tot = 8060 were kept 
constant.  
The standard deviations from the least-squares fit were used to estimate the uncertainties in 
kp
0.33  The value of the specific rate constant kp related to the active species was determined 
with evolution of polymer polymerization degree (DPn) over time as described by Bochmann 
and coworkers (equation 2)12 or a more simple relation reported by Natta (equation 3).34  The 
optimized algorithm was based on a nonlinear regression analysis using the Levenberg-
Marquardt (Damped Least-Squares) method for minimizing function <DPn>.
35  The 
corresponding uncertainties for determination of the values of 𝑘p and 𝑘t were derived from the 
corresponding Jacobian estimated by the Levenberg-Marquardt method.   
 
𝑆𝑙𝑜𝑝𝑒 =  MM × [M]0 × C0 × 𝑘𝑝
0        (1)       
⟨𝐷𝑃𝑛⟩ =
(𝑘𝑝[𝑀]0+𝑘𝑡)𝑡
𝑘𝑡
+
𝑘𝑝[𝑀]0+𝑘𝑡−𝑘𝑖[𝑀]0
𝑘𝑖[𝑀]0(𝑘𝑡−𝑘𝑖[𝑀]0)
(𝑒−𝑘𝑖[𝑀]0𝑡−1)−
𝑘𝑝[𝑀]0×𝑘𝑖[𝑀]0
𝑘
𝑡
2(𝑘𝑡−𝑘𝑖[𝑀]0)
(𝑒−𝑘𝑡𝑡−1)
𝑡+
1
𝑘𝑖[𝑀]0
𝑒−𝑘𝑖[𝑀]0𝑡−
1
𝑘𝑖[𝑀]0
    (2)    
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The amount of precatalyst converted into active species can then be estimated from the ratio 
between kp
0 and kp.  
Typical monitoring of 1-hexene polymerization reactions.  A solution of 
zirconocene precatalyst (0.010 mmol) in toluene (2.8 mL) was added to an oven-dried 
Schlenk flask in a glovebox.  To the flask, toluene was added (35 mL) under argon and the 
solution was heated up at the indicated temperature.  Then, MAO (2.2 mL of a 30 wt.% 
solution in toluene, 10 mmol) was added.  After the indicated aging time, 1-hexene (10.0 mL, 
81 mmol) was added via syringe.  The polymerization reaction was kept under magnetic 
stirring for the indicated time at the indicated temperature and was sampled at regular 
intervals.  The samples (0.5 mL) were injected into vials containing THF–MeOH–HCl (2 mL, 
100:1:1 v/v) and pentamethylbenzene (35 mg, 0.24 mmol).  Samples for NMR analysis were 
filtered using wool and analyzed immediately, while samples for GPC measures were 
evaporated to dry in air overnight and re-dissolved in THF before analysis. 
Typical polymerization of 1-hexene with R3Al/(C6F5)B(OH)2 co-activator.  A 
mixture of (C6F5)B(OH)2 and AlR3, in the desired proportions (in ppm with respect to the 
precatalyst), was stirred overnight at 60 °C in toluene (35 mL). A solution of dimethyl-
metallocene precatalyst (0.010 mmol) in toluene (2.8 mL) was introduced and the resulting 
mixture was aged for 2 min at 30 °C before the introduction of 1-hexene (10.0 mL, 81 mmol).  
The polymerization reaction was run over the desired period of time, and the sampling 
process was identical to that described above in the regular protocol. 
Monitoring of 1-hexene polymerization reactions in the presence of ethylene.  
Upon using the same procedure as that for monitoring homopolymerization of 1-hexene, 
ethylene (80 mL at standard conditions, ca. 0.1 g) was injected in the polymerization system 
⟨𝐷𝑃𝑛⟩ =  
𝑘𝑝[𝑀]0𝑡
1+𝑘𝑡𝑡
   (3)  
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using a gas syringe after indicated periods of time.  Samples for NMR and GPC analyses were 
taken and analyzed using the original protocol. 
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